Summary. One hundred and three unrelated patients with Type 1 (insulin-dependent) diabetes were typed for HLA, properdin factor B (BF), glyoxalase 1 (GLO), Kidd blood group, and 24 other genetic markers. Observed distributions of marker phenotypes among these patients were compared with those expected according to population frequencies, in an attempt to detect associations between Type I diabetes and the markers. Strong associations between Type 1 diabetes and both HLA and properdin factor B were confirmed, as was a lack of association between Type I diabetes and glyoxalase (GLO). There was an apparent deviation from Hardy-Weinberg equilibrium at the GLO locus, and statistically significant distortions in the distributions of pancreatic amylase (AMY2), galactose-l-phosphate uridyl transferase (GALT), and groupspecific component (GC) among Type I diabetes patients, but these results are not significant when corrected for performance of multiple tests. An increase in the Lewis-negative phenotype reported elsewhere was observed here but was not statistically significant. A distortion in the distribution of Kidd types reported elsewhere was not confirmed.
Associations with genetic markers may provide clues to the genetics of Type 1 (insulin-dependent) diabetes mellitus. Most studies of associations between Type 1 diabetes and genetic markers have focussed on the chromosome 6 markers: HLA, properdin factor B (BF), and glyoxalase 1. Certain alleles in the HLA system (particularly DR3 and DR4 at the HLA-DR locus), as well as the F1 allele in the BF system, have been shown to be consistently associated with Type 1 diabetes [1] [2] [3] . In contrast, no association has been observed with glyoxalase [3] . It should be noted that BF and HLA are tightly linked, whereas glyoxalase is located approximately 10 map units from HLA and BF [4] .
Less work has been carried out with genetic markers not on chromosome 6. Lucarelli et al. examined associations between Type 1 diabetes and nine marker systems, with inconclusive results [5] . Vague et al., studying seven blood groups, observed an increase in the Lewis negative (a-b-) red blood cell phenotype, among both Type 1 and Type2 (non-insulin-dependent) diabetic patients [6] . More recently, we reported possible evidence for genetic linkage between Type 1 diabetes and the Kidd blood group locus [7] . Kidd is thought to be located on chromosome 2 [8] . Subsequently, Barbosa et al. have described a distortion in the Kidd distribution among a subgroup of Type 1 diabetics, classified by HLA-DR type [9] .
Methods
We looked for possible associations between Type 1 diabetes and 27 genetic markers in a sample of 103 unrelated individuals. The study was divided into three parts: chromosome 6 markers, Kidd blood group, and other markers. Standard gene frequencies, based on Mourant et al. [10] , Harris and Hopkinson [lt] , and Race and Sanger [12] , in conjunction with Hardy-Weinberg equilibrium, were used to compute all expected genotype frequencies, except for HLA frequencies, which were taken from the 1980 International Histocompatibility Testing Workshop [13] .
The sample of 103 individuals was created from a data set of simplex and multiplex Type I diabetic families by selecting the oldest affected family member with complete HLA typing information. The full data set consisted of Type 1 diabetic patients and their families, ascertained through clinics and private diabetologists in the Los Angeles area. Affected persons were defined as being ketosis-prone and having acute onset of insulin dependence before 40 years of age. Of 99 patients with known age of onset, 53 were diagnosed before the age of 10years, 34 between 10 and 19years, and 12 at 20years or older. There were 56 males and 47 females. Forty of the families were simplex, and the remainder had two or more affected members. All were Caucasoid, with nine of Hispanic background. Complete details are given by Anderson et al. [14] . The HLA-DR data have also been described elsewhere [15] . If no affected person had complete HLA typing, the oldest affected individual was selected. Each subject was typed for up to 27 red blood cell antigens, red blood cell enzymes, and serum protein markers, using standard laboratory techniques. The markers were: ABO blood group, acid phosphatase-1 (ACP1), adenosine deaminase (ADA), adenylate kinase-1 (AKI), a-amylase (pancreatic) (AMY2), properdin factor B (BF), cholinesterase-2 (CHE2), esterase D (ESD), Duffy blood group (Fy), galactose-l-phosphate uridyl transferase (GALT), group-specific protein (GC), glyoxalase 1 (GLO), glutamic-oxaloacetic transaminase (soluble) (GOTS), glutamic-pyruvic transminase (GPT), HLA, haptoglobin (HPA), Kidd blood group (Jk), Kell blood group (K), Lewis blood group (Le), MNSs blood group, P blood group, phosphogluconate dehydrogenase (PGD), phosphoglucomutase-1 and -2 (PGM1 and PGM2), phosphoglycollate phosphatase (PGP), Rhesus blood group (Rh), and transferrin (TF). Gene symbols are those standardized by the Human Gene Mapping Conference [16] . (Not every individual was typed for every marker; e.g., some individuals were typed only for presence versus absence of the Kidd a allele, due to a temporary lack of Kidd anti-b antisera).
In the BF system, the proportion of patients with the F1 allele was compared with the expected. In the GLO system, the observed frequencies of the two alleles, 1 and 2, as determined by gene counting [17] , were compared with the expected; then the genotype frequencies were compared with those expected under Hardy-Weinberg equilibrium. In the HLA system, the distribution of alleles DR3 and DR4 at the DR locus was compared with expected numbers.
The Kidd blood group was examined in three ways: (a) The distribution of Kidd genotypes among the Type 1 diabetic patients, treated as a group, was compared with expected population frequencies. (b) Following the approach of Barbosa et al. [9] , patients were divided into high-and low-risk groups, depending on whether they had two doses of the 'high-risk' HLA-DR alleles DR3 and DR4 or fewer than two doses. Thus, high-risk patients had genotypes DR3/3, 3/4, or 4/4, and low-risk patients had genotypes DR 3/X, 4/X, or X/X, where 'X' indicates any DR allele that is neither DR3 nor DR4. The two groups were then examined for differential Kidd associations. Whether an individual who typed for only DR3 or DR4 was in fact homozygous was determined by genotyping the family. If homozygosity was ambiguous, the individual was not included in this analysis. (c) Several additional relationships between HLA and Kidd types were examined among those patients who had at least one dose of DR3 and/ or DR4 and who had complete typing for both HLA and Kidd.
For the remaining genetic markers, observed phenotype frequencies were compared with expected frequencies.
Statistical Methods
Depending on sample size, the Z 2 test, the normal approximation to the binomial, or Fisher's exact test was used for statistical comparisons.
Results

Chromosome 6 Markers
Properdin factorB: Of 86patients with BF typing, 13 (15.1%) had the F1 allele (two were F1F, 11 were F1S). The expected proportion of F1 carriers in the general population is 0.9%, based on an F1 allele frequency of 0.0045. This deviation from expected is highly significant (p = negligible, based on the normal approximation to the binomial distribution). As before, 'X' indicates any DR allele that is neither DR3 nor DR4. Allele frequencies estimated by gene counting are: DR3 = 0.324, DR4 = 0.365 and DRX=0.312. These differ significantly from population frequencies of 0.118 for DR3 and 0.148 for DR4 [13] (goodness-of-fit Z 2 = 156.5, 2 d.f., p= negligible). Moreover, even using these gene frequencies estimated from the data set, the genotype distribution differs significantly from that expected under Hardy-Weinberg equilibrium (goodness-of-fit Z2=22.8, 3 d.f., p< 0.0001). The greatest deviation occurs among 3/4 heterozygotes, where the expected number is 20.1, and that observed is 34. 
Glyoxalase (GLO):
Kidd Blood Group
Of the 87 patients typed for Kidd (the 'complete sample'), 43 (the 'reduced sample') were typed for both the Kidd a and b alleles, whereas 44 were typed only for presence versus absence of a. Table 1 gives the Kidd distribution for all 87 individuals and, in parentheses, for the reduced sample. Results from the three analyses of the Kidd blood group (see Methods) will now be given in turn.
(a) Expected genotype frequencies were calculated according to Hardy-Weinberg equilibrium, using 0.51 for the frequency of the Kidd a allele [10, 12] . Neither the observed distribution of 68 a-positive, 19 a-negative in the complete sample nor the distribution of all three genotypes, aa, ab, and bb in the reduced sample (Z2=1.89, 2 d.f., 0.50>p>0.30) was significantly distorted.
(b) Among 'low-risk' patients in the reduced sample, 3 were aa, 14, ab, and 2, bb (rows 2, 5 and 8, Table 1 ). This observed frequency of the Kidd b allele, 0.47, does not differ significantly from, and is in fact slightly less than, the expected frequency of 0.49. Comparing highversus low-risk patients directly, in the complete sample, does not support any increase in Kidd b among low-risk patients, nor is any difference observed between low-and high-risk patients (Table 2) .
(c) Thirty-eight patients had both complete Kidd typing and complete HLA typing (with no ambiguity as to homozygosity) and at least one DR3 or DR4 allele (rows 1, 2, 4, 5, and 7 and columns 2, 3, and 4, Table 1 , data in parentheses). There was no difference in Kidd types between DR3/4 and non-3/4 patients (3( 2 = 0.01, 2 d.f.). Alleles at the two loci were distributed independently (Z~=0.92, 2 d.f.). The 38patients exhibited a slight but non-significant increase in double heterozygotes (Fisher's exact test, two-tailed p= 0.11 ; Table 3 ). Table 4 gives the number of people typed and the statistical p value for each of the 23 remaining markers. (Detailed marker distributions are available upon request.) All p values are based on a goodness-of-fit Z 2 test, except for four markers (GOTS, Lewis, PGM2 and TF). For these markers, the exact binomial p values were computed, since the expected numbers were too small for the Z 2 test. Three markers deviated significantly from expected proportions when considered alone: AMY2, GALT and GC. AMY2 exhibited an excess of the AA genotype; GALT exhibited an excess of ND; and GC exhibited an excess of 2-1 and a deficit of 1-1. However, multiplying the p values by the total number of tests performed, to allow for multiple tests [18] , removes this apparent statistical significance. Table 5 shows the distributions of these three markers.
Other Markers
The Lewis negative phenotype, a-b-, was slightly increased in our sample (expected 3.7, observed 6), but the increase was not statistically signficant (p = 0.17).
Discussion
The three goals of this study were: (1) to confirm the HLA and BF associations and the lack of GLO associa- (3) to determine whether any other markers (not on chromosome 6 or Kidd) were associated with Type 1 diabetes. The strong associations of Type 1 diabetes with the HLA alleles DR3 and DR4 and with the BF allele F1 agree with those reported elsewhere [1] [2] [3] , as does the lack of allelic association between Type 1 diabetes and GLO. Thus, our data set is compatible in this regard with others reported in the literature. In addition, even when the allele frequencies estimated from the data set are used, the HLA genotype distribution deviates significantly from Hardy-Weinberg equilibrium, with a large excess of DR3/4 heterozygotes.
The Kidd marker was analyzed in three ways: (a) there was no deviation from expected Kidd population frequencies, in either the reduced sample of 43 individuals with complete typing or the full sample of 87 individuals; (b) genotype frequencies in high-and low-risk patients, considered as separate groups, did not differ from expected population frequencies, nor did the two groups differ from each other; (c) there were no significant distortions in the relationships of HLA and Kidd distributions.
The four statistically signficant results in this study, apart from the anticipated deviations at the HLA and BF loci, were: an excess of the AA type at the pancreatic amylase locus on chromosome 1, a deficit of 2-1 heterozygotes at the GLO locus on chromosome 6, an excess of the ND type at the GALT locus on chromosome 9, and an excess of the 2 allele at the group-specific component locus on chromosome 4. Given the large number of tests performed, these four results should not be considered as proven unless confirmed elsewhere.
We also observed a non-significant increase in the Lewis negative phenotype, in the same direction as reported by Vague et al. [6] , and a non-significant increase in the number of double HLA-Kidd heterozygotes.
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We failed to confirm here two results reported elsewhere -an excess of the Kidd b allele among low-risk patients [9] and an excess of the Lewis-negative a-bphenotype among all patients [6] . It is therefore appropriate to consider whether our sample sizes were adequate to detect the effects if they did exist, i.e., to examine the power of the tests.
For Kidd, the power of the test is 56%: Let "F" denote the frequency of the b allele among low-risk patients. The null hypothesis is H0: F= 0.49, based on the expected population frequency; the alternative hypothesis is Hi: F= 0.586, based on the frequency observed by Barbosa et al. [9] . Thus for our sample of 19 individuals (=38 alleles) and our predetermined significance level of 0.05, the probability of correctly rejecting Ht when H is true is 56%. Calculations are based on the Normal approximation to the binomial distribution, using one-sided probabilities [19] . It is worth noting that if the true frequency F was 0.586, then the probability of observing, as we did, a frequency as low as 0.47 among our 19 patients was only 0.097.
For Lewis, let "F" denote the frequency of the Lewis-negative phenotype among Type 1 diabetic patients, with H0: F = 0.062 versus H1: F = 0.29 (based on Vague et al. [6] ). For the sample of 60 patients with Lewis typing, the power of this test is 99.9%.
Except for GOTS and PGM2, all other markers were examined in samples of at least 72 patients (Table 4) . Therefore, the power of the remaining tests was probably reasonably good. We cannot calculate exact power levels without specifying alternative hypotheses.
We used published gene frequencies for our comparisons because of the difficulty in determining appropriate controls. Results were unchanged when the analyses were repeated without the nine Hispanic families.
Evidence from population and family studies makes it clear that genes in or near the HLA complex influence genetic susceptibility to Type 1 diabetes. The significance of associations with genes on chromosome 6, and in particular of the excess of DR3/4 heterozygotes Type 1 diabetes, has been discussed at length elsewhere [15, [28] [29] [30] . What is unclear is whether other in genetic loci are also involved. A number of tentative and sometimes conflicting reports have appeared regarding possible gene marker associations with Type I diabetes. These include the Lewis blood group [6] , acetylator [20] [21] [22] , the Kidd blood group [9] , the light and heavy chain immunoglobulin loci [23] [24] [25] , and, in this report, associations with AMY2, GALT and GC. The picture is further complicated by ambiguous results from linkage studies between Type 1 diabetes and the Kidd blood group [7, 26, 27] . Clearly, additional studies will be needed to answer definitively whether another locus (or loci), not on chromosome 6, is involved in the genetics of Type I diabetes. Acknowledgements. Support for this research was provided by grant AM-25834 from the National Institutes of Health, a grant from the Kroc Foundation, and the UCLA Mental Retardation Research Center (NIH grant HD-04612). Computer assistance was obtained from the UCLA Office of Academic Computing and from the UCLA Human Genetics Laboratory's PDP 11/44.
